Ripening of climacteric fruits involves a complex network of biochemical and metabolic changes that make them palatable and rich in nutritional and health-beneficial compounds. Since fruit maturation has a profound impact on human nutrition, it has been recently the object of increasing research activity by holistic approaches, especially on model species. Here we report on the original proteomic characterization of ripening in apricot, a widely cultivated species of temperate zones appreciated for its taste and aromas, whose cultivation is yet hampered by specific limitations. Fruits of Prunus armeniaca cv. Vesuviana were harvested at three ripening stages and proteins extracted and resolved by 1D and 2D electrophoresis. Whole lanes from 1D gels were subjected to shot-gun analysis that identified 245 gene products, showing preliminary qualitative differences between maturation stages. In parallel, differential analysis of 2D proteomic maps highlighted 106 spots as differentially represented among variably ripen fruits. Most of these were further identified by means of MALDI-TOF-PMF and nanoLC-ESI-LIT-MS/MS as enzymes involved in main biochemical processes influencing metabolic/structural changes occurring during maturation, i.e. organic acids, carbohydrates and energy metabolism, ethylene biosynthesis, cell wall restructuring and stress response, or as protein species linkable to peculiar fruit organoleptic characteristics. In addition to originally present preliminary information on the main biochemical changes that characterize apricot ripening, this study also provides indications for future marker-assisted selection breeding programs aimed to ameliorate fruit quality.
Introduction
Common apricot (Prunus armeniaca L.) is a member of the Rosaceae family; most of the apricot varieties cultivated for fruit production belong to this species, which originated in Central Asia [1] and was then disseminated in Middle East, Mediterranean basin and Northern Europe areas. Adaptation to different environments resulted in significant phenotypic diversification, so that at least four major ecogeographical groups are recognized [2] . Production of apricot for different uses, as fresh or processed fruits, is economically very relevant (3,210,194 MT in 2009 , according to FAO data) in the Mediterranean countries and in Italy, where almost 60 and 15% of the world harvest is generated, respectively. Apricot cultivation is hampered by some specific problems, such as high sensitivity to diseases (brown rot and sharka) or environmental stresses (spring frost), insufficient fruit quality or ripeness, as well as restricted harvest period. Consequently, breeding programs have been undertaken in different countries to overcome these limitations. In this respect, local cultivars are a source of genetic diversity, exploitable to select new varieties with improved agronomical traits. Whereas cultivars of the European ecogeographical group have a restricted genetic base [3] , the Italian germplasm retains a high level of genetic diversity [2] . Breeding of fruit trees is exceedingly time-consuming and the availability of biomarkers linked to agronomical favorable traits can greatly improve process efficiency. As far as apricot, up to now molecular markers have been identified by isozyme analysis [3] , amplified fragment length polymorphism [4] or microsatellites [5] and they have been used to investigate genetic diversity. Extensive expressed sequence tags (ESTs) collections or microarrays have greatly extended genetic information on vegetables or fruit-producing species, including peach and apricot. In this context, Grimplet and coworkers generated a collection of 13,006 ESTs from P. armeniaca mesocarp at different stages of ripening [6] , while a bioinformatic database of integrated genetic information for Rosaceae (http://www.rosaceae.org) is available since 2008, which contains data on peach, apple and strawberry genomes. However, functional genomic studies have demonstrated that information deriving from nucleotide data do not necessarily match the corresponding translated protein complement at a precise organism physiological moment (e.g. fruit development or ripening) [7] ; in fact, different modifications may affect gene products, including post-transcriptional, co-translational and degradative ones, along with environmental factors. Integration of genomic with proteomic data is hence highly desirable, in order to better clarify underlying molecular mechanisms, as well as to identify reliable molecular markers for crop breeding or amelioration.
Fruit ripening is a complex physiological process with a remarkable impact on human nutrition; occurring biochemical changes eventually make fleshy fruits palatable and rich in nutritional and health-beneficial compounds. Biochemical processes include the degradation of chlorophyll and starch, the biosynthesis of pigments and volatile compounds, the accumulation of sugars and organic acids, as well as cell wall softening [8, 9] . Detailed comprehension of genetic regulatory elements is central for a full understanding of fruit ripening; in this context, proteomics represents a powerful approach to characterize biochemical networks and to establish functional correlations between genotype and phenotype [10] . Thus, differential proteomic studies on immature and mature fruits have been accomplished on tomato [11, 12] , grape [13] [14] [15] [16] [17] [18] [19] [20] , orange [21, 22] , peach [23] [24] [25] [26] [27] [28] , strawberry [29] , mango [30] , papaya [31, 32] and apple [33, 34] pericarp; some investigations were conducted on selected tissues, such as exocarp or mesocarp [14] [15] [16] [17] [18] [20] [21] [22] [23] 25, 27, 28, 30, 31] . These studies described a tissuedependent proteome repertoire that present distinctive changes during fruit ripening. As far as apricot, information about its protein composition is very scant; this may be due to different reasons, including the lack of a species-specific database, the low protein content of this fruit and the high concentration of interfering substances (pigments, polysaccharides, polyphenols, etc.).
In this study, we report on the first proteomic characterization of the apricot fruit in relation to ripening. Fruits of P. armeniaca cv. Vesuviana, a regional variety cultivated in the South of Italy and renowned for its peculiar flavor and texture characteristics, were harvested at three maturation stages and proteins extracted. Differently from other species (such as grape, orange, etc.) whose skin and mesocarp tissues can be easily distincted/separated also at the unripe stage, experiments on apricot were performed on the whole fruit. A number of protein species differentially expressed as result of ripening state was identified by means of combined 2-DE and MS procedures. Their putative physiological role is here discussed in relation to the fruit maturation process.
2.
Materials and methods
Fruit material and characterization of corresponding ripening stages
Five apricot trees (P. armeniaca cv. Vesuviana, Pellecchiella) were grown in a farmland in the surroundings of Naples, Italy, by using standard cultural practices. Based on surface color, fruit samples were harvested at three ripening stages: green (T0), yellow (T1), and deep-orange/red (T2) at 7, 9 and 11 weeks after anthesis, respectively (Table 1) ; they were selected for uniformity without any damage. For each ripening stage, about 25-30 fruits were harvested and then divided into three biological replicates. After collection, fruits were cleaned, removed of seeds, cut, frozen in liquid N 2 and stored at −80°C, until used for protein extraction. In parallel, a similar number of fruit samples for maturity stage assessment were not frozen but immediately processed. Flesh firmness, total soluble solids content (SSC), titratable acidity (TA) and total antioxidant capacity (TAC) were measured. Firmness was determined by means of a penetrometer (Effegi, Milan, Italy) bearing a 8 mm probe, and is expressed as kg/0.5 cm 2 . Apricot samples for SSC, TA and TAC determinations were homogenized, centrifuged at 15,000 ×g for 15 min, at 4°C, and the corresponding supernatants were used. SSC was estimated by means of the Brix degree (°Brix) at 20°C, as determined by an RFM330 Refractometer (Bellingham Stanley Ltd, UK). TA was determined by titrating a known volume of apricot supernatant with 0.1 N NaOH until reaching pH 8.1 with a HI9017 Microprocessor pHmeter (Hanna Instruments) and phenolphthalein as color indicator; it was expressed as content of malic acid per gram of fresh weight of fruits. TAC was determined according to [35] and expressed as micromoles of Trolox equivalents per gram of fresh weight of fruits. Measurements were performed in triplicate on samples from three independent extractions. extraction was performed for each biological replicate. Total protein content after the first precipitation step (TP) and final protein extraction yield were determined for each ripening stage. Briefly, frozen fruits were finely powdered in a mortar with liquid N 2 and dried under vacuum. Samples containing 2.5 g of dried tissue were suspended in 10 ml of 10% w/v TCA/ acetone, thoroughly vortexed for 3 min, centrifuged at 16,000 ×g for 3 min, at 4°C, and removed of the supernatant. Samples were extracted with 10 ml of iced 80% methanol, containing 0.01% ammonium acetate, and then with 10 ml of iced 80% acetone, in both cases following the vortexing and centrifugation steps reported above. After air drying at room temperature for 5 min, samples were added with 7.5 mL of ice-cold extraction buffer (700 mM sucrose), 500 mM Tris-HCl pH 7.5, 50 mM EDTA, 100 mM KCl, 2% w/v β-mercaptoethanol, 1 mM PMSF, 1% w/v polyvinylpirrolidone, 0.25% w/v CHAPS and then with an equal volume of phenol-saturated-500 mM Tris-HCl, pH 8. Samples were extracted in a Waring blender for 5 min and then centrifuged at 10,000 × g for 15 min, at 4°C. Proteins were precipitated from the phenol phase by addition of 5 vol of saturated ammonium acetate in methanol, at −20°C, overnight; they were pelletted at 10,000 × g, for 15 min, dried under vacuum, washed at first with iced 0.1 M ammonium acetate in methanol and then twice with cold acetone. During each washing step, vortexing for 3 min, centrifugation at 10,000 × g, at 4°C, and a brief air drying was performed. Protein concentration was estimated by using the Ramagli and Rodriguez assay [37] .
1D and 2D electrophoresis
During SDS-PAGE analysis, protein samples (50 μg) were dissolved in loading buffer containing 20 mM DTT and run on a 9-16% T polyacrylamide gel, which was then stained with colloidal Coomassie G250. For 2-DE analysis, protein samples were dissolved in IEF buffer (9 M urea, 4% w/v CHAPS, 0.5% v/v Triton X-100, 20 mM DTT, 1% w/v carrier ampholytes pH 3-10, Bio-Rad). IPG strips (17 cm pH 4-7, ReadyStrip, Bio-Rad) were rehydrated overnight with 300 μL of IEF buffer containing 300 μg of total proteins. Proteins were focused using a Protean IEF Cell (Bio-Rad) at 12°C, by applying the following voltages: 250 V (90 min), 500 V (90 min), 1000 V (180 min) and 8000 V for a total of 52 kVh [12] . After focusing, the proteins were reduced by incubating the IPG strips with 1% w/v DTT in 10 mL of equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M urea, 30% w/v glycerol, 2% w/v SDS and a dash of bromophenol blue) for 15 min, and alkylated with 2.5% w/v iodoacetamide in 10 mL of equilibration buffer for 15 min. Electrophoresis in the second dimension was carried out on 12% polyacrylamide gels (180× 240 × 1 mm) with a Protean apparatus (Bio-Rad), using electrophoresis buffer (25 mM Tris-HCl pH 8.3, 1.92 M glycine and 1% w/v SDS), with 120 V applied for 12 h, until the dye front reached the bottom of the gel. 2-DE gels were stained with colloidal Coomassie G250. For quantitative analysis, each biological replicate (3 in number for each ripening stage) was analyzed in technical triplicate.
2.4.
Image acquisition and analysis 2D gel images were acquired by using GS-800 a imaging systems (Bio-Rad). Gel digitized images were analyzed by using the PDQuest software (Bio-Rad), which allowed automatic spot detection, landmark identification, spot aligning/ matching within gels and quantification of matched spots; gel manual inspection was performed to correct any error prior to final data analysis. After normalization of the protein spot volume against the spot volume of the entire gel (i.e., of all the protein spots), the percentage volume of each spot was averaged for 9 gels (3 technical replicates of 3 biological replicates). Statistically significant changes in protein abundance were determined by using two sequential data analysis criteria. First, a protein spot had to be present in all gels for each sample to be included in the analysis. Next, statistically significant quantitative changes were determined by using the distribution of fold-change values in the data. Spots were 
Protein digestion and MS analysis
Bands from SDS-PAGE or spots from 2-DE were manually excised from gels, triturated and washed with water. Proteins were in-gel reduced, S-alkylated and digested with trypsin, as previously reported [38] . Protein digests were subjected to a desalting/concentration step on microZipTipC18 pipette tips (Millipore Corp., Bedford, MA, USA) before MALDI-TOF-MS and/or nanoLC-ESI-LIT-MS/MS analysis. During MALDI-TOF peptide mass fingerprinting (PMF) experiments, peptide mixtures were loaded on the instrument target together with CHCA as matrix, using the dried droplet technique [12] . Samples were analyzed with a Voyager-DE PRO mass spectrometer (Applied Biosystems, USA). Peptide mass spectra were acquired in reflectron mode; internal mass calibration was performed with peptides derived from trypsin autoproteolysis. Data were elaborated using the DataExplorer 5.1 software (Applied Biosystems).
Peptide mixtures were analyzed by nanoLC-ESI-LIT-MS/MS using a LTQ XL mass spectrometer (ThermoFinnigan, USA) equipped with a Proxeon nanospray source connected to an Easy-nanoLC (Proxeon, Denmark) [39] . Peptide mixtures were separated on an Easy C 18 column (100×0.075 mm, 3 μm) (Proxeon) using a gradient of acetonitrile containing 0.1% formic acid in aqueous 0.1% formic acid; acetonitrile ramped from 5% to 35% over 15 min and from 35% to 95% over 2 min, at a flow rate of 300 nL/min. For shotgun analysis of gel bands from SDS-PAGE, a gradient from 5% to 35% over 55 min was used. In both cases, spectra were acquired in the range m/z 400-2000. Acquisition was controlled by a data-dependent product ion scanning procedure over the three most abundant ions, enabling dynamic exclusion (repeat count 2 and exclusion duration 1 min). The mass isolation window and collision energy were set to m/z 3 and 35%, respectively.
2.6.
Protein identification 
3.
Results and discussion
Physical, chemical and biochemical parameters useful to obtain a phenotypic definition of the experimental material
The ripening stage of apricot fruit can be defined by physical, chemical and biochemical features that deeply change during the transition from unripe to ripe conditions. In the present work, the classification of the apricot ripening stages was performed according to some selected parameters, such as epicarp ground color, flesh firmness, total soluble solids content, titratable acidity, total antioxidant capacity and protein content (Table 1) , which are considered as suitable indicators of the maturation process [35, [41] [42] [43] [44] . Taken together, these analyses well described the changes that occurred in the three sampled phases of apricot ripening. Resulting data were in good agreement with those from previous studies on this and other apricot cultivars [35, [41] [42] [43] [44] . In fact, a decrease in flesh firmness was evident during fruit ripening, which was well paralleled with an increase in color index (data not shown), total soluble solids content, and total antioxidant capacity, and with a reduction in titratable acidity and protein content (Table 1) ; these parameters all concur in defining the overall organoleptic quality of ripening fruit. Ascertained experimental values showed a reduced deviation among the various biological replicates sampled at the same ripening stage, thus indicating a significant physiological similarity between the harvested fruits evaluated in this study.
Proteomic analysis of apricot fruits during ripening
Due to low protein content and high concentration of interfering compounds (Table 1 and data reported on the WorldWideWeb at http://www.thefruitpages.com/contents.shtml), apricot fruits are recalcitrant to proteomic analysis and a protein extraction protocol suitable for subsequent electrophoretic analysis needed optimization (data not shown). Best results were obtained by combining two procedures commonly used for difficult plant material, namely TCA/acetone precipitation followed by phenol extraction/ammonium acetate precipitation, which gave protein extracts devoid of interfering substances and sufficiently concentrated for further 2-DE analysis. This approach has been previously used for other fruits [16, 17] . The corresponding protein extraction yield for green, yellow and deep-orange/red apricot fruits is reported in Table 1 . At first, protein extracts from fruits at green (T0), yellow (T1) and deep-orange/red (T2) stages were resolved by SDS-PAGE. The resulting gel profile is shown in Fig. 1A ; each gel lane was cut into 15 slices, which were then alkylated and digested with trypsin. Peptide digests were then subjected to nanoLC-ESI-LIT-MS/MS experiments, which allowed the total identification of 245 nonredundant gene products (Supporting Information Table S1 ). Corresponding identification data are reported in Supporting Information Table S2 . When identified protein components from SDS-PAGE were compared with those resulting from 2-DE analysis (see below), a general enrichment in polypeptide species having a high molecular mass, a high pI value or a high hydrophobicity was evident (see Supporting Information Table  S1 and Table 2 Fig. 1B ; it highlighted preliminary qualitative differences to be further investigated by dedicated quantitative approaches.
for comparison). Protein distribution between different maturation stages, as ascertained by combined SDS-PAGE/nanoLC-ESI-LIT-MS/MS analysis, is reported in
An effective separation of extracted proteins was then obtained by 2-DE, applying a linear 4-7 pH gradient (in the first dimension) and using a 12% T polyacrylamide gel (in the second dimension), which solved components in the range 10-150 kDa. Representative gels for apricot fruits sampled at the different maturation stages are shown in Fig. 2 . Average proteomic maps showed 511 ± 115, 554 ± 80, and 450 ± 76 spots for green, yellow and deep-orange/red stage, respectively. Accordingly, the degree of similarity between the green stage and the others was 77% (green/yellow) and 71% (green/deeporange/red). Software-assisted statistical analysis of colloidal Coomassie-stained gels revealed 106 protein spots as differentially represented between various ripening stages (P < 0.05). To determine protein identity, these spots were gel-excised, digested and subjected to MALDI-TOF-PMF and/or nanoLC-ESI-LIT-MS/MS experiments. Due to reduced information on the apricot genome, spot identification by means of MALDI-TOF peptide mass fingerprinting proved challenging and lead to a positive result only for 34 spots. These difficulties were solved by nanoLC-ESI-LIT-MS/MS analysis, which characterized the remaining 72 spots. In conclusion, 101 spots were identified as protein components mostly from P. armeniaca or related species, whereas 5 spots resulted as multiple identifications (Table 2 and Supporting Information Table S3 ). When results from combined SDS-PAGE/nanoLC-ESI-LIT-MS/MS and 2-DE experiments were compared, common protein species between analyses generally showed a good qualitative trend moving from T0 to T1 and T2 stages (Supporting Information  Table S1 and Table 2 ). However, the higher resolutive power associated with 2-DE analysis allowed to identify specific protein components at a certain ripening stage that, otherwise, were not detected in the corresponding SDS-PAGE/nanoLC-ESI-LIT-MS/MS experiment. Deregulated gene products identified by 2-DE were categorized into different classes according to Gene Ontology annotation (Fig. 3) , thus suggesting that apricot ripening affects polypeptide species involved in various biological processes, with stress/defense proteins being the most represented group, followed by components associated with cell structure, secondary metabolism, energy, general metabolism and other cell functions.
To identify the most relevant proteins among the differentially expressed gene products, a principal component analysis and relative fold change are listed. Increasing/decreasing index (fold change) was calculated as the ratio of spot intensities (relative volumes) for different fruit stages, with respect to the green one. Proteins were considered as differentially expressed when a relative fold change >2.0 or <0.5 was measured. Spots present in yellow or deep-orange/red stages but absent in the green stage are reported as +. Spots absent in yellow or deep-orange/red stages but present in the green stage are reported as −. Circles indicate spots assigned with EST entries, which were further associated with specific proteins according to BLAST analysis; the corresponding sequence identity values are reported. Functional grouping was performed according to the Bevan's classification [105] . PMF, MALDI-TOF peptide mass fingerprinting; MSMS, nanoLC-ESI-LIT-MS/MS. Prunus armeniaca, persica, cerasus, avium and dulcis, or Catharanthus roseus, Gevuina avellana, Malus domestica, Vitis vinifera and Zea mays are indicated as P. armeniaca, P. persica, P.cerasus, P.avium and P.dulcis, or C. roseus, G. avellana, M. domestica, V. vinifera and Z. mays, respectively. was also performed on a variance/covariance matrix ( Fig. 4 and Supporting Information Table S4 ). The first component (PC1) explained the greater part (90.93%) of the total variance and was able to separate T2 and T0/T1; on the other hand, T0 and T1
Spot
were distinguished along PC2, thus explaining a small part (7.32%) of the total variance. The most relevant protein species (coeff. >0.1 or <−0. 
Proteins associated with hormone and cell wall metabolism
In climacteric fruits, ripening is preceded by a characteristic burst in ethylene levels, which triggers metabolic/structural changes associated with the maturation process, including loss of mesocarp firmness. Pulp softening depends on the alteration of the cell wall structural properties, with massive depolymerization/solubilization of cell wall components. Although some processes appear to be common to most species, many others seem to be peculiar, involving the activation of different sets of cell wall-modifying enzymes [45] .
In accordance with the pivotal role of ethylene in apricot ripening, we identified four enzyme species involved in metabolism of this phytohormone as progressively deregulated, namely 1-aminocyclopropane-1-carboxylate (ACC) oxidase (ACO, spot 101), two S-adenosylmethionine (SAM) synthetases (MAT1, spot 17; MAT2, spot 18 and 26) and β-cyanoalanine synthase (CYSC1, spot 31); the first one showed increased abundance during maturation, while the remaining ones showed an opposite trend. ACO is responsible for direct conversion of ACC into ethylene; in peach, its transcript is the most largely up-regulated during the transition from the pre-climateric to the climateric phase [46] . By producing β-cyanoalanine, on the other hand, CYSC1 detoxifies cyanidric acid resulting as side product from ACC oxidation. Finally, S-adenosylmethionine synthetases catalyze the first reaction of the ethylene biosynthesis pathway yielding SAM, but are also involved in other biochemical events since this product generally acts as a main methyl group donor [9] . Quantitative levels of these four enzymes during fruit ripening were in good agreement with the corresponding changes of ethylene concentration, as measured in other apricot cultivars [42, 47] , and showed a significant similarity with what already reported for these proteins in peach mesocarp in the course of maturation and post-harvest storage [25, 27, 28] .
In some fleshy fruits, levels of phytohormone indole-3-acetic acid (IAA) decline towards the onset of ripening [48] [49] [50] ; Fig. 2 -Two-dimensional electrophoresis maps of total flesh proteins from apricot fruits at green (T0) (A), yellow (T1) (B) and deep-orange/red (T2) (C) stages. Protein spots differentially expressed are numbered. Proteins were separated over the pI range 4-7 in the first dimension and on 12% SDS-polyacrylamide gels in the second dimension. Gels were stained with colloidal Coomassie G250. however, the mechanisms by which these low concentrations are achieved during fruit maturation remain elusive. Transcriptomic studies on grape and tomato fruit maturation, combined with quantitative conjugated IAA-amino acid and IAA assays, demonstrated that an increased expression of IAA-amido synthetases coincides with low and high concentrations of IAA and IAA-amino acids, respectively [48, 51] . In this context, we observed a progressive quantitative reduction of a IAA-amino acid hydrolase species (spot 19) during apricot maturation. It is conceivable that this protein decrease also contributes to lower free IAA levels during ripening.
Four enzyme species involved in cell wall metabolism showed variable quantitative levels during apricot maturation, namely endopolygalacturonase (PG, spot 21), xyloglucan endotransglucosilase/hydrolase protein 32 (XTH32) (spot 104 and 105), pectinesterase inhibitor (PEI, spot 93) and GRP-like protein 2 (GRPL2, spot 27). EndoPGs, in concert with pectinesterases, are responsible for massive hydrolysis and solubilization of polyuronides during peach ripening, determining fruit softening [25, 28, 52, 53] . Remarkably, the EndoPG isoform we identified as up-regulated during apricot maturation is identical to that whose over-expression has been already associated with peach mesocarp softening by proteomic [25, 28] and transcriptomic investigations [52] . The latter study also identified PEIs as class of ripen-dependent downregulated genes [52] . By confirming this investigation for another climacteric fruit, our data on PEI expand this observation at the proteomic level. Relative contribution of different polysaccharide depolymerization processes in fruit softening, and hence of corresponding enzymes, is still unclear and may differ from species to species; for instance, preferential xyloglucan rather than polyuronide degradation occur in tomato ripening [54] . XTHs have been associated with ripening and softening of different fruits, where they can either determine cell wall integrity maintenance or weakening; in this context, opposite quantitative trends for XTHs have been observed in tomato [54] and grape skin during ripening [14, 15, 17] , respectively. Data reported in this study prove a XTH32 component overproduction even at the fruit yellow stage, thus pointing to a concerted remodeling of xyloglucans and polyuronides through apricot ripening. GRPL2 is thought to have a role, not yet clarified, in the biosynthesis of hemicellulosic polysaccharides present in the cell wall [55, 56] . In agreement with this hypothesis, protein species concentration decreased throughout apricot maturation.
Some gene products whose function is related to cytoskeleton organization were also identified as deregulated, including actin isoforms (ACT7 and CACT1, spots 15 and 23), profilin (PF, spot 98), actin depolymerising factor 1 (ADF, spot 102), annexin D1 (ANX2, spot 35 and 36) and translationally-controlled tumor protein homolog protein (TCTP, spot 72) species that, depending on their nature, showed reduced and augmented levels, respectively. Their quantitative changes during apricot ripening suggested the occurrence of regulative processes that affect [105] . Percentual discrepancies with respect to categorization present in Table 2 were due to the eventual attribution of individual protein entries into multiple functional classes. cytoskeletal and membrane cell proteins, thus modulating cell shape, cell division, organelle movement, and extension growth [57] . In plant cells, responses to hormones or environmental stresses, along with cell morphogenesis pathways, induce signaling cascades that correlate with the rearrangement/ turnover of actin-based structures [58] [59] [60] . In this context, ADF and profilin are small actin-binding proteins that control actin dynamics [61, 62] ; TCTP also interacts with cytoskeletal actin and plays essential roles in cell protection against various stresses [63, 64] . Annexins are Ca 2+ -dependent, membranebinding proteins that fasten and possibly hold together biological structures [65] ; their expression is under developmental and environmental control. In tomato, it has been shown that ANXs have a F-actin binding activity [66] , but information on their role in fruit maturation is quite limited. Since ANXs may form/regulate Ca 2+ channels in plasma and internal membranes, thus increasing vacuole volume and cell wall/plasma membrane surface, they have been suggested to play a role in cell expansion during fruit growth [67] . In conclusion, we identified protein-specific quantitative changes that were in agreement with data already reported on whole peach [26] and strawberry [29] fruits, or grape skin [14, 15] during ripening and softening, thus corroborating the hypothesis that these variations may be related to a progressive cytoskeletal disorganization, concomitant to that of cellular wall.
Proteins associated with response to different stresses
Ripening of climacteric fruits involves a marked increase of respiration and, consequently, alteration of the redox homeostasis of cells, with reactive oxygen species (ROS) accumulation, which in turn determines lipid peroxidation, protein denaturation and metabolism deterioration [24, 68] , to achieve a final degradation state functional to seed release. ROS accumulation is a gradual phenomenon, modulated by a battery of antioxidant metabolites and cellular antioxidant enzymes, whose concentration varies during the different stages of ripening [24] . In two apricot genotypes, for example, accumulation of total phenolics and vitamin C, total radical scavenging activity and both water-and lipid-soluble antioxidant capacities demonstrated the increase of antioxidant compounds/capacities during fruit maturation [44] ; these data well paralleled with the TAC results reported here (Table 1) . In this study, we measured a variable expression of antioxidant enzyme gene products; in particular, a progressive induction of cytosolic [Cu-Zn]-superoxide dismutase (SOD, spot 106) and L-ascorbate peroxidase (APX, spot 62) species, and a concomitant reduction of chloroplastic dehydroascorbate reductase (DHR, spot 60), glutathione peroxidase 1 (GPX1, spot 73 and 74) and phospholipid hydroperoxide glutathione peroxidase (GPX2, spot 77 and 78) species was observed. In the case of [Cu-Zn]-SOD, our results well correlated with that from previous studies on whole tomato fruit [12] , different grape tissues [17] , papaya mesocarp [32] and mango mesocarp [30] , where a general increase in SODs, and specifically in [CuZn]-isoform, content was associated with fruit maturation. All these studies provided contrasting results with other reports on SOD activities during fruit ripening where, as in the case of tomato, the apex was detected at the beginning of maturation process to decline thereafter [68] or, as in the case of peach, no statistically significant changes were measured in the transition from immature to mature stage [69] , although a modification of the protein isozyme pattern was observed. On the other hand, apricot levels of cytosolic APX species during fruit maturation showed a quantitative trend similar to what already observed in whole tomato [11, 12] , strawberry [29] and grape [13] fruits; conversely, constant amounts of APX were measured in mesocarp during peach softening [25, 28] . APX (together with catalase) is the main enzyme responsible for H 2 O 2 removal in plant subcellular compartments, where it occurs as multiple isoforms [12] . Another enzyme of the ascorbate-glutathione cycle was also identified in this study, namely chloroplastic DHR, whose levels decreased through the ripening stages, as already observed in tomato [12] ; this trend was also observed for some GPX1 and GPX2 species and was the opposite to that measured for these enzymes in grape skin [15] and peach mesocarp [28] . In plants, GPXs are members of the peroxiredoxin family that use thioredoxin instead of glutathione as reductant. They are probably a part of an alternative pathway to scavenge phospholipid hydroperoxides, thereby protecting membranes; their levels may increase or decrease in isozyme-specifc fashion in response to different stresses [70] . Since it has been shown that significant differences may be observed among species in the fruit antioxidant profile [71] , it is tempting to speculate that the levels of these antioxidant enzymes are modulated according to the pool of antioxidant metabolites in a species-specific fashion. Heat shock proteins (HSPs) play a fundamental role as protein and membrane stabilizers during fruit ripening/post harvesting and a marked increase, particularly of small HSPs, have been reported in different fruit tissues [11, 14, [25] [26] [27] [28] [29] . Their chaperone activity could help the fruit cope with stressful conditions that would result in an increase of protein misfolding [24] . In this study, no small HSPs were identified as deregulated proteins, but rather a 70 kDa heat shock cognate protein species (HSC70, spot 6) that was induced, with a peak at the apricot yellow ripening stage. Heat shock 70 protein family comprises both heat-inducible as well as constitutivelyexpressed members [72] , whose levels have been shown to increase upon different abiotic/biotic stresses [72, 73] or to change in a isoform-specific fashion in whole grape [13] , tomato [12] and strawberry [29] fruits or papaya mesocarp [31, 32] during ripening.
A number of proteins involved in plant response to abiotic stresses, namely abscisic acid stress ripening homolog (ASR, spot 40 and 41), type II SK2 dehydrin (DH, spot 10, 11 and 16) and universal stress protein (USP, spot 83) species and two glycine-rich RNA-binding protein isoforms (GR1, spot 92 and 99; GR2, spot 94 and 95), were observed as down-represented during apricot maturation. ASRs are a family of small hydrophilic proteins having chaperone-like or transcription control activities [74] ; recently, they have been demonstrated being able to scavenge ROS in vitro [75] . Dehydrins protect cell compartments from dehydration and are induced by different stress. USPs assist tomato fruit development and ripening against a variety of stresses [11] , and may be induced and mediated by ethylene during Arabidopsis and rice ripening. Glycine-rich RNA-binding proteins are implicated in plant response to environmental stresses, particularly salinity and drought [76] . They seem to have a RNA chaperone activity and could help in maintaining redox homeostasis during ripening, since it has been reported that catalase and peroxidase activities are affected by mitochondrial-localized GRs expression under temperature stress [77] . When specific stress-response proteins were evaluated, our quantitative data were generally in good agreement with previous results on maturation or postharvesting in whole tomato [11] and peach [26] fruits, peach mesocarp [25, 28] , and grape skin [15, 17] , although some subtle differences were also observed.
Various proteins related to plant response to biotic stress were also differentially represented during apricot ripening; among that, proteins having a direct protective function on fruits from pathogen attack, such as acidic endochitinase species (CHIT, spot 52 and 53), which were strongly up-regulated at the ripen stage, as already observed in papaya mesocarp [31] and different grape tissues [14, 15, 17] . In plants, endochitinases play a major role in degrading chitin, a structural component of the fungal cell wall; they occur as many isoforms and cause food allergies, being responsible of the latex-fruit cross sensitivity syndrome [78] . Other allergens, such as sequence-related major allergen Pru p1 (spots 84 and 85), Pru p1.06B (spots 81 and 91) and Pru ar1 (spots 79 and 80) species, generally showed reduced levels during ripening, except one spot. These pathogenesisrelated (PR) proteins are present at a variable level in different Rosaceae tissues upon pathogen fruit infection, ripening and softening [11, 15, 20, [25] [26] [27] [28] [29] 79] . They are the causative agents of the birch pollen-related food allergy. Although differences in antigens concentration have been reported among peach cultivars [80] , no data are available on apricot; this information should be very helpful for breeding of hypoallergenic landraces. A decreasing concentration trend was also observed for some remorin isoforms (REM, spot 46, 48 and 49), which are functionally associated with plant defense, probably having a regulatory role [81] .
Protein species involved in the biosynthesis of secondary metabolites were also included in this paragraph, due to the importance of these compounds in adaptative responses. They included polyphenol oxidase (PPO, spots 2-5, 8 and 9), which catalyzes the O 2 -dependent oxidation of monophenols and o-diphenols to o-quinones, molecules involved in browning reactions as a consequence of pathogen infection, wounding and organ senescence [82] , and isoflavone reductase related protein (IFR, spot 37). During apricot maturation, PPO and IFR abundance decreased and increased, respectively, as already observed in different peach [26, 28] , strawberry [29] and grape [13, 15, 17, 20] tissues. The first gene product is highly represented in immature fruits and is silenced at early stages of ripening, when fleshy fruits start becoming palatable. Although isoflavonoids occur almost exclusively in legumes, IFR related proteins have also been isolated from non-leguminous plants, but their function is still undetermined [83] . Since they contain a NAD(P)H-binding domain, they have been proposed to function in the antioxidant response [84] . Recently, it has been shown that their overexpression in rice confers plant tolerance to ROS [85] ; data reported here on apricot should represent a first indication that IFR may also play a similar role in fleshy fruit maturation. Additional deregulated gene products included quinone oxidoreductase-like protein (QO, spot 24 and 32) and chalcone flavone isomerase (CFI, spot 67) species, which were up-or down-represented, respectively, during apricot
ripening. An increase of QO was also shown to occur throughout maturation stages in peach mesocarp [28] and whole strawbwerry fruit [29] . This protein has been associated with the biosynthesis of furaneol, a main component of different fruit flavors [86] . Since furaneol occurs also in other fruits, additional studies are necessary to unveil the occurrence of this or related compounds in apricot. On the other hand, CFI catalyzes the conversion of bicyclic chalcones into tricyclic flavanones in the flavonoid biosynthetic pathway, contributing to fruit quality traits.
3.5.
Proteins associated with carbon metabolism and energy production During development and ripening of climateric fruits, organic (malic and citric) acids concentration varies in the vacuoles of mesocarp cells and contributes to organoleptic properties [12] . Early accumulation therein is followed by malate release and degradation at the onset of ripening, to fuel the respiratory climax. In this context, phosphoenolpyruvate (PEP) carboxylase and NAD-dependent malate dehydrogenase in the cytosol are the key enzymes for malic acid biosynthesis, while mitochondrial NAD-dependent malate dehydrogenase and cytosolic NADP-dependent malic enzyme are responsible for malate oxidation [87, 88] . However, other metabolic pathways (gluconeogenesis, fermenative production of ethanol, amino acid and secondary metabolite biosynthes) include malic acid as a carbon source, contributing to complicate its metabolism in fruits, and malate concentration profiles have been reported varying to a high degree among species [88] . Vesuviana apricot is much appreciated for its reduced acidity and elevated content of sugars in the ripe stage [35, 41] (see Table 1 ). In this study, the concentration of NAD-dependent malate dehydrogenase (MDH, spot 30) and NADP-dependent malic enzyme (NADP-ME, spot 7) species showed a progressive over-representation during ripening. Augmented MDH and NADP-ME levels should sustain the fruit respiratory climax mentioned above and may justify the reduced acidity of this apricot cultivar (Table 1) , respectively. This trend showed some analogies with tomato, grape skin and papaya mesocarp [12, 15, 17, 31] but a poor correlation with other fruit tissues [13, 25, 30] . Mitochondrial NAD-dependent isocitrate dehydrogenase (IDH5, spot 34) concentration also increased in the transition from green to yellow stage, while decreasing thereafter, fairly in accordance with the burst in climacteric fruit respiration at the onset of ripening [27, 42] . Different studies have reported an increase of carbon flux through glycolysis in the course of fruit maturation [89] and an increase of glycolytic enzymes in various tissues at the transcript and protein level [17, 27, 52, 90] . In order to fuel the characteristic malate changes occurring during ripening, sustained sucrose degradation through glycolysis is necessary. Enolase is considered a key enzyme for PEP generation, since it catalyzes the last step of the glycolytic pathway. In agreement with this scenario, enolase (ENO, spot 13) levels strongly increased during apricot ripening. While contrasting data have been reported as far as ENO mRNA accumulation in tomato ripening [89] , our proteomic data are fully consistent with a primary role of the glycolytic pathway in the generation of carbon skeletons (PEP) to fuel the respiratory climax present in ripe apricot [42] . When glycolysis rates overcome respiration and generate excess of cytosolic pyruvate, fermentative production of ethanol may also occur, a phenomenon that takes place under aerobic conditions too. In this context, worth noting was the marked increase of alcohol dehydrogenase species (ADH, spot 25) present during apricot ripening, likewise other fruit tissues [13, 29, 30] . It has been also suggested that ADH activity is important for the generation of volatile compounds determining fruit taste and aroma; in this respect, the high ADH levels measured in the ripe Vesuviana cultivar may contribute to its peculiar fragrance characteristics.
On the other hand, mitochondria and chloroplasts of ripen fruits become increasingly damaged or non-functional [12, 24, [91] [92] [93] . These conditions would lead to cell energy impairment at final maturation stage. Our findings support this statement, since we found a down-regulation of mitochondrial ATP synthase 24 kDa (spot 50) and d (spot 66 and 75) subunits, dihydrolipoyl dehydrogenase (spot 20) as well as of chloroplast ATP synthase subunit β (spot 12) and oxygenevolving enhancer protein 1 (spot 43 and 44) species. A similar quantitative trend for specific components has been already described in other fruit tissues [11] [12] [13] 17, 20, 28, 30, 34] . Being involved in the photosynthetic-based NADPH generation or core components of the photosynthetic complexes [94, 95] , their quantitative decrease would impair the capacity of the ripe fruit cells to generate energy and reducing power. This would lead to the synthesis of NADPH and ATP by cytosolic resident metabolic pathways, such as the oxidative pentose phosphate, glycolytic and fermentative ones (see above) [90] .
3.6.
Proteins associated with amino acid and nucleic acid metabolism Protein levels are higher in some immature fruits and decline at the onset of ripening to produce amino acids for increased metabolism [13, 27] (Table 1) . By using a metabolomic approach, it has been proposed that peach amino acids are used to support respiration and as substrates in phenylpropanoid and lignin pathways for endocarp hardening of stone fruits [96] . Accordingly, enzyme species assisting protein biosynthesis, such as nascent polypeptide-associated complex subunit α (spots 38 and 51) [15] and 60S acidic ribosomal protein (spot 89), or involved in their degradation, such as subtilisin-like protease (spot 103), were down-and over-represented during apricot ripening, respectively. Proteins of the ubiquitin-proteasome machinery also varied their levels, i.e. ubiquitin-conjugating enzyme E2 isoforms (spots 88 and 96) and proteasome subunits α (spots 61 and 63) and β (spot 70) species, thus confirming previous evidences on their involvement in stress response and fruit maturation [26, 30] . Their quantitative levels have to be further investigated by dedicated redox proteomic studies relating their concentration to the corresponding ROS and carbonylated protein levels, thus elucidating the role of the ubiquitin-proteasome machinery in the fruit ripeningassociated oxidative stress. On the other hand, a glutamine synthetase gene product (GS, spot 29) showed a strong increase during apricot ripening, as already observed in peach mesocarp and whole strawberry fruit [28, 29] . This enzyme is central in nitrogen metabolism since it plays a pivotal role in nitrate/ ammonia assimilation and ammonia reassimilation during photorespiration [97] . Although information on this protein are scarce, the observed trend suggests that its over-expression may assist reassimilation of nitrogen produced by protein degradation and amino acid metabolism. Finally, arginase (spot 28) showed a peak at yellow stage and then was down-represented. This enzyme assists arginine hydrolysis to L-ornithine, a precursor of polyamines, which are known to play a role in plant development, defense and NO generation [98] . Interestingly, it has recently been shown that polyamine application on peach delays fruit ripening by interfering with ethylene production [99] .
On the other hand, enzyme components generally involved in nucleoside phosphates turnover were also detected, namely acid phosphatase 1 (spot 42), soluble inorganic pyrophosphatase (spot 45), uridylate kinase (spot 69) and nucleoside diphosphate kinase 1(spot 97) species, the latter being also involved in signaling processes; they showed a progressive concentration decrease during apricot ripening. A similar quantitative trend for specific components has been already described in other fruit tissues [12, 32] .
3.7.
Miscellaneous and unknown
Different polypeptides that do not classify in the above categories were also identified as variably represented. For someone, a relation to defined physiological processes may be envisaged, but information on their quantitative profile during ripening of other fruits was practically absent. Among these, two protein species involved in RNA binding/processing were found to be down-represented upon ripening, namely RNA binding protein (spot 22) and regulator of ribonuclease activity a (spot 82). Other proteins involved in lipid transport showed a similar quantitative trend, i.e. acyl CoA binding protein (spot 100), tropism regulator membrane steroid binding protein (spots 56 and 57) [100] and temperature induced lipocalin (spot 76) species [101] . Although lipocalin function in plants is still poorly understood, they have been shown to increase in response to abiotic stress [102] . A progressive down-representation was also observed for other proteins whose functional role is still uncertain, being uncharacterized or assigned according to rough sequence homology criteria. They were uncharacterized protein components D7SK38, D9IZZ9, F6HZZ7 and C6SYI8 (spots 54, 55, 86 and 90, respectively), MFP1 attachment factor isoforms (spots 64 and 65), which are probably a structural component of plant nuclear matrix, elicitor responsive gene 3 (spot 71), which has been associated with pathogen defense and stress response in Triticum aestivum [103] , and a thiosulfate sulfurtransferase species (spot 33), an enzyme containing rhodanese domains that catalyzes sulfur transfer to nucleophilic acceptors. Sulfurtransferase function in plants remains uncertain, but evidence has been provided that it may be involved in cellular redox homeostasis, probably acting as thioredoxin reductase [104] . In contrast, unnamed protein product F6I216 (spot 58) and stem-specific protein TSJT1 (spot 59) species showed a nine and four-fold increase at deep-orange stage, respectively.
Concluding remarks
This study provides a first attempt to shed light on the concentration changes that apricot proteins undergo during fruit development and ripening. This goal was accomplished by: i) the description of a large set of gene products expressed in fruit; ii) the achievement of a 2-D reference map; and iii) the identification of a group of ripening-related proteins. An obvious limitation to this investigation was the reduced genomic background available at this moment on this fruit; nevertheless, all the deregulated proteins were here positively characterized. The fact that, besides new candidates, many of the identified spots referred to proteins already known to be involved in the ripening of other fruits confirmed the reliability of our approach. This investigation originally provides a preliminary overview of the important biological processes occurring during apricot maturation, which are in part schematically represented in Fig. 5 . A functional classification of the protein species changing their concentration revealed the majority to be related to organic acids, carbohydrates and energy metabolism. The observed quantitative variations suggest a decrease in carbon fixation and photosynthesis-related steps at ripening, being the carbon skeleton demand to fuel the respiration burst accounted by an increase of glycolytic and fermentative pathways. Proteins involved in phytohormones metabolism and cell-wall restructuring, together with those associated with stress responses, including defense against pathogens, oxidative and abiotic ones were affected as well.
Their quantitative changes are fully consistent with an activation of the molecular machineries associated with climacteric fruit maturation and softening, nevertheless accounting also for some specific pomological parameter variations present during apricot ripening (Table 1) . These preliminary results have to be further expanded by other gel-based or gel-free studies using alternative quantitative approaches (DIGE or iTRAQ, TMT, ICAT, etc.), or integrated with complimentary proteomic investigations describing PTM changes (oxidation, phosphorylation, etc.) eventually associable to the physiological processes mentioned above. These proteomic studies, together with future investigations in the field of Rosaceae molecular biology, will certainly favor a deeper understanding of apricot fruit metabolism and its regulation during ripening, allowing for the development of new practices for fruit quality improvement.
Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.jprot.2012.11.008. 
